Introduction
The amyloidoses include a large number of degenerative disorders, that may be acquired or inherited, and which are characterized by a conformational change of a protein that is not correctly assembled by the cell. The anomalous protein accumulates in the tissue leading to an insoluble deposit that eludes the enzyme degradation involved in the normal remodeling process (1) . Experimental evidence shows how the misfolding is correlated to changes in the surrounding environment such as oxidative stress and changes in pH or in the homeostasis of ions as occurs during the aging process (senile systemic amyloidosis). From a biochemical point of view, amyloid deposits consist of a precursor of abnormal fibrillar protein that constitutes the component that can be deposited at the level of a specific organ or distributed at the systemic in body fluids are the earliest alterations observed in Alzheimer's disease (5) . Some studies have shown that clinical improvement can be achieved by the mobilization of these peptides.
A significant number of therapeutic strategies are currently being examined, both in the laboratory and in clinical research, which aim to reduce the level of amyloid beta peptide (6) . A peripheral treatment with gelsolin or GM1 at high affinity with amyloid beta peptide can reduce peptide content in the blood, leading to a reduction of the amyloid beta peptide levels in the brain (7) . However, this treatment has been shown to not be suitable for long-term administration. A recent development is to provide a combination of an agent for sequestration of amyloid beta in the blood, with an apheresis device in contact with the blood which has receptors that bind the amyloid beta precursor protein (8) .
The present study was based on the assumption that a removal device for protein amyloid peptides, through an extracorporeal purification system, might represent a feasible and complementary strategy for the treatment of patients suffering from neurodegenerative disease. The innovation of the proposed system consists in the modification of the device so that contact with the blood occurs at molecularly imprinted sites instead of biological receptors in order to avoid any severe autoimmune complications.
Generally, a dialyzer is designed to transfer solutes and water in a controlled way across a semipermeable membrane separating flowing blood and dialysate streams. The dialyzer allows removal of various toxins by diffusion, and/or in highflux filters, by convection/filtration. The membranes, in the form of flat sheets or hollow fibers, enable the removal of molecules below the size of albumin (9) .
In the approach proposed here, we designed a membrane that did not act as a simple filter based on pore dimension but instead specifically adsorbed the peptide involved in Alzheimer's disease ( Fig. 1 ). Our system could represent an alternative or complementary approach, based on a molecular-imprinting technique, offering a series of advantages including physical and chemical stability of imprinted membranes, good reusability, ease of sterilization and low cost.
The first step was the identification of suitable materials and technologies to realize this specific device. The selected material was poly(ethylene-co-vinyl alcohol) (EVAL) because it has already demonstrated high hemocompatibility (10), suitability for dialyzer production (11, 12) and ability to recognize, through a molecular-imprinting approach, protein molecules such as albumin and amylase (13, 14) . Concerning the technology used for the creation of membranes, our efforts were directed toward a combination of phase inversion and molecular-imprinting techniques (15) .
In this study we used as template the amyloid beta peptide sequence (i.e., 25-35), which represents the most toxic segment of the amyloid protein. Furthermore, to increase the capacity for recognition of the membrane toward the template, we developed a method of functionalization of the polymer chain using succinic anhydride (SA) (16) . The aim was to decorate the membrane surface with carboxylic groups that, as is well known, are more effective with respect to hydroxyl groups in favoring molecular recognition at the level of active sites.
The peptide-imprinted membranes, both functionalized with SA and not, were examined from physicochemical, morphological, mechanical and functional points of view.
Materials and methods
Materials EVAL (Solvay, Italy) with an ethylene molar content of 44% was used for the preparation of membranes. The solvents used were dimethyl sulfoxide (DMSO, ACS purity degree; Carlo Erba Reagenti, Italy) and Milli-Q water (Millipore). SA (Sigma-Aldrich) was used for the chemical functionalization of EVAL. Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met (AbP, molecular weight [Mw] = 1,060.27 Da; Sigma-Aldrich) was used as template, and Arg-Gly-Asp-Ser-Pro-Ala-Ser-Ser-Lys-Pro (Mw = 1,001.0 Da; Sigma-Aldrich) was used as analogue for the selectivity test.
Membrane preparation
A first series of membranes (MIP1) was prepared by the phase inversion technique using pure EVAL. Solutions of EVAL (15% w/v) were obtained in DMSO under stirring at 60°C to obtain a complete dissolution of polymer. A prefixed amount of template was added to the solution after lowering the temperature to 37°C. The viscous blend was laid on a glass support to obtain a constant thickness using a knife machine (Separem Type SP) and dipped in a first phase inversion bath containing DMSO/H 2 O 50:50 solution. After 1 hour, the membranes were introduced into a second aqueous phase inversion bath for 24 hours and then subjected to a lyophilization procedure. For the preparation of the second series of membranes, a predefined amount of SA (2% in weight relative to the polymer content) was added to the initial DMSO solution, and then the same procedure used for MIP1 was followed to obtain functionalized and imprinted membranes (MIP2). Nonimprinted control membranes (CP1 and CP2) were prepared as previously described, without the addition of peptide template during the preparation. Template was extracted from MIP1 and MIP2 by repeated washing with aqueous solutions under dynamic conditions for 24 hours.
Characterization
The morphology of membranes was analyzed by scanning electron microscopy (SEM; Jeol JSM 5600, Japan); freeze-dried membranes were sputtered with gold and observed at 20 kV. Chemical analysis was carried out by Fourier transform infrared (FTIR) chemical imaging (Perkin Elmer Spotlight 300, USA); the attenuated total reflectance (μATR) sampling technique was performed on samples of membranes (spectral resolution was 4 cm -1 , spatial resolution was 100 × 100 µm), the use of FTIR allowed the evaluation of the distribution of components at the level of the membrane surface at different preparation steps, thus obtaining chemical and correlation maps to visualize their distribution and the efficacy of the molecular-imprinting procedure.
Template and analogous molecule dimensions after dissolution in water solution were evaluated by dynamic light scattering (DLS; Zetasizer Nano S, Malvern, UK).
Dynamic mechanical analysis (DMA) was performed (DMA8000; Perkin Elmer, USA) using a strain scan analysis to evaluate storage modulus (E') and loss modulus (E") of membranes under dry conditions.
Rebinding and selectivity experiments were carried out by placing each membrane in an aqueous solution containing the peptide or analogue, respectively, at a concentration of 0.1 mg/mL at 37°C for 24 hours, to ensure the reaching of site saturation.
The solutions, after extraction, rebinding and selectivity tests, were analyzed by high-performance liquid chromatography (HPLC) using a C4 Prosphere HP Alltech column and UV detector (280 nm). A gradient elution was selected using internal mobile phase, starting from a volume ratio of Milli-Q-acetonitrile (modified by adding trifluoroacetic acid at 0.085% and 0.1% v/v, respectively) 30-70 (v/v) to 60-40 (v/v) at a constant rate of 1 ml/min for 20 minutes.
Hydraulic permeability was evaluated using the experimental apparatus described in Figure 2 by inducing a water flux through the membrane when subjected to an established pressure difference (transmembrane pressures TMP = 80, 100, 120 mmHg). One side of the membrane was subjected to a constant pressure, while the other side was maintained at atmospheric pressure. The water flux (Jv; cm 3 s -1 ) was measured by collecting the permeate water in a graduated tube. The value of water permeability Lp (cm s -1 Pa -1 ) was evaluated as:
where A is the membrane area.
results Figure 3 shows a schematic representation of possible interactions occurring at the molecular level among functional groups of copolymer chain and those of peptide amino acids. On the basis of pure EVAL, EVAL functionalized by SA and peptide sequence chemical structure, a large number of hydrogen bonds, both for MIP1 and MIP2, and electrostatic interactions, only in the case of MIP2, may occur with peptide groups.
In Figure 4 , some representative results obtained by FTIR chemical imaging analysis for the membranes are reported. In the case of CP membranes, a series of characteristic absorptions of the copolymer chemical structure, including a wide band between 3,000 and 4,000 cm -1 corresponding to OH-stretching, a peak between 3,000 and 2,700 cm -1 relative to CHs stretching and another peak at 1,100 cm -1 due to the presence of a C-OH bond, were identified (data not shown). By the overlapping of CP spectrum with peptide spectrum, the bands related to amide I and amide II at 1,668 and 1,632 cm -1 , respectively, were evident. In the spectrum of MIP1 before template extraction (MIPT1), there is evident a small band at 1,650 cm -1 relative to the presence of the peptide which moves to higher frequencies indicating the formation of interactions between matrix and peptide (Fig. 4A) . Moreover, the map of correlations with respect to the average spectrum shows values close to 1, indicating a homogeneous distribution of the peptide on the sample surface (Fig. 4B) ; the same analysis carried out on a sample after template extraction (MIP1) shows a drastic reduction of the diagnostic band of the peptide, to confirm the effectiveness of the extraction procedure (Fig. 4C ). the chemical map was performed both on MIP1 and on CP1 membranes after rebinding test and in both cases, the presence of peptide bands was detected, but the peak intensity for MIP was higher when compared with that of the control, pointing out how specific absorption predominated over the nonspecific (Fig. 4D) .
The same study was performed also for the membranes after functionalization with SA. A significant result was the presence, on modified control membranes (i.e., CP2), of the peak at about 1,700 cm -1 attributable to COOH group stretching. Also in the membranes before extraction (i.e., MIPT2), the presence of the peak corresponding to the peptide is evident (Fig. 4E) , and the correlation map showed the peptide to be homogeneously distributed. After extraction there is evident a significant reduction of its intensity (Fig. 4F ), while after rebinding, a small signal in the amide region appeared both on MIP2 and CP2. However, this signal was more intense in the MIP2 sample, indicating a specific absorption for the imprinted membrane.
In Figure 5 , SEM images of membrane surfaces are shown. All of the series of membranes showed an asymmetric structure, the presence of a dense skin, which is known to be responsible for the selective properties and fingers (typical structure of the phase inversion process). In addition, a microporosity uniformly distributed through the whole section of the samples was detected. Analogous results were obtained for the membranes modified by SA, which showed no substantial changes from a morphological point of view due to EVAL functionalization also in terms of microporosity, as shown by SEM images (Fig. 5E-H) .
Further, the mechanical properties of the membranes were evaluated through DMA analysis. As shown in Figure 6 , both MIP2 and CP2 showed a storage modulus (E') much greater than that registered for nonfunctionalized systems (MIP1, CP1). In contrast, no substantial difference due to imprinting method was observed, as can be seen from the comparison of E' for imprinted membranes (MIP1, MIP2) with their corresponding controls.
The results obtained by HPLC after extraction tests of the template are shown in Figure 7 . Excellent removal of the peptide from nonfunctionalized membranes (close to 100%) was observed. In contrast, for those modified with SA, a slower and lower level of removal, even if quantitatively considerable, was detected; this confirms a high level of interaction of peptide and polymer in MIP2.
To evaluate the capability of imprinted membranes to specifically recognize the peptide, recognition tests introducing membranes in an aqueous peptide solution were carried out. SEM analysis performed on imprinted membranes before and after peptide rebinding did not show any evident change in the structure; a diffuse and homogeneous microporosity was retained (Fig. 5I, L) . The results for imprinting performance are reported in Table I . The value of recognition factor for nonfunctionalized imprinted membranes, evaluated by HPLC analysis, was slightly higher than the unit, but in the case of membranes modified with SA, a higher value was detected.
Finally, to check whether the recognition sites were also selective, we performed a test of rebinding with a peptide analogue. Although the control membranes were able to bind a certain quantity of peptide due to microporosity and possible molecular interaction with the polymeric structure, the selectivity factors obtained for MIP1 and MIP2 were elevated (Tab. I).
In evaluating these systems for potential dialyzer use, some preliminary results regarding water permeability measured on CP1 and CP2 membranes were obtained using the experimental apparatus schematically shown in Figure 2 . The results for water permeability are reported in Table II and compared with those of Fresenius and Akzo dialyzers. The Lp values were consistent with those of commercial high-flux dialyzer membranes (17) . 
Discussion
This study allowed the production of EVAL-based membranes was carried out, using a combination of chemical functionalization and molecular imprinting technique for selective removal of the amiloid beta protein peptide involved in Alzheimer's disease.
FTIR chemical imaging allowed the monitoring of the chemical composition of the membranes during the various stages of preparation, and provided the basis for a functional evaluation. This analysis demonstrated from a physicochemical point of view the efficacy of the preparation procedure to obtain peptide-imprinted membranes. In addition, the FTIR study of membranes modified by SA showed the presence of carboxylic groups, pointing to the success of the selected functionalization method.
The investigation by SEM enabled the evaluation of the morphology of the membranes obtained. A microporous and asymmetric structure and no modification of structure after template-rebinding render these membranes suitable for blood purification applications. Particularly interesting is the observation that the dimensions of membrane micropores were compatible with those of the peptide in solution, as shown by DLS measurements. The medium radius of the template in solution was 324 ± 15 nm, while that of the analogue in solution was 497 ± 12 nm.
This result is in accordance with the interactions foreseen on the basis of the chemical model; the interactions tended to arrange the peptide chain in a sort of niche formed by the polymer chains, increasing the possibility that the peptide could be retained inside the micropores of the membranes favoring its absorption.
DMA analysis showed an evident effect due to chemical modification through SA on the mechanical properties of the membranes, as observed by the increase of elastic modulus values measured for functionalized membranes. In contrast, the molecular-imprinting procedure did not seem to alter the mechanical properties of polymeric membranes.
Concerning the HPLC results, the analysis of template extraction confirmed a greater interaction between peptide and polymer in MIP2. The recognition and selectivity factors reflected the capability of both imprinted membranes of rebinding the selected peptide in a specific and selective manner. In this respect, it can be hypothesized that the increase of the rigidity of the membranes after functionalization could elicit a higher conformational stability to the active and complementary sites, thus increasing the performance of membranes in terms of molecular recognition.
Concerning selectivity behavior, although high selectivity factors were found for both imprinted membranes, the presence of carboxylic groups on the functionalized membrane surface would induce a increase of molecular interaction with the analogue peptide after rebinding. The differences in the amino acid sequence of the 2 peptides -in particular, the presence of serine (in high numbers) and lysine in the analogue structure -could explain the higher affinity of the analogue for the functionalized membranes, with respect to the template after rebinding, thus leading to a lower selectivity factor for MIP2 than MIP1.
The high selectivity factors measured for MIP1 and MIP2 are particularly significant considering the close similarity between the template and analogue in terms of chemical structure (amino acid sequences), molecular weight and molecular size of peptide.
The preliminary results for hydraulic permeability obtained for EVAL-based membranes encourage us to continue the study of these systems, evaluating solute permeability and the effect of imprinting procedure on the transport properties of the imprinted membrane.
The positive results, even if preliminary, obtained in this study can be considered a viable proof of concept toward developing a device able to rebind and thus remove the amyloid beta protein peptide. The next steps will be a further exploration of kinetic studies using different template concentrations and the determination of adsorption isotherms. A better understanding of the factors involved in the misfolding mechanism will allow the evaluation of the use of other markers (i.e., tau) of neuropathology in cerebrospinal fluid and in blood, to be used in diagnostic and/or therapeutic methods (18, 19) . Despite the fact that the achievement of an effective treatment for this complex pathology is still far from being realized, there is an urgent scientific interest in identifying preventative treatments and diagnostic tools. In this context, the use of molecularly imprinted membranes for the markers involved in Alzheimer's disease, proposed for the first time in this work, can be considered an interesting and versatile strategy that unites the main efforts being made toward achieving concrete results.
Further, solute permeability measurements, hemocompatibility tests and dynamic peptide removal in body fluids are currently under careful investigation.
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